A CHO-K1 cell mutant with a specific decrease in cellular phosphatidylethanolamine (PE) level was isolated as a variant resistant to Ro09 -0198, a PE-directed antibiotic peptide. The mutant was defective in the phosphatidylserine (PS) decarboxylation pathway for PE formation, in which PS produced in the endoplasmic reticulum is transported to mitochondria and then decarboxylated by an inner mitochondrial membrane enzyme, PS decarboxylase. Neither PS formation nor PS decarboxylase activity was reduced in the mutant, implying that the mutant is defective in some step of PS transport. The transport processes of phospholipids between the outer and inner mitochondrial membrane were analyzed by use of isolated mitochondria and two fluorescence-labeled phospholipid analogs, 1-palmitoyl-2-{N-[6(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]caproyl}-PS (C6-NBD-PS) and C6-NBD-phosphatidylcholine (C6-NBD-PC). On incubation with the CHO-K1 mitochondria, C6-NBD-PS was readily decarboxylated to C6-NBD-PE, suggesting that the PS analog was partitioned into the outer leaflet of mitochondria and then translocated to the inner mitochondrial membrane. The rate of decarboxylation of C6-NBD-PS in the mutant mitochondria was reduced to Ϸ40% of that in the CHO-K1 mitochondria. The quantity of phospholipid analogs translocated from the outer leaflet of mitochondria into inner mitochondrial membranes was further examined by selective extraction of the analogs from the outer leaflet of mitochondria. In the mutant mitochondria, the translocation of C6-NBD-PS was significantly reduced, whereas the translocation of C6-NBD-PC was not affected. These results indicate that the mutant is defective in PS transport between the outer and inner mitochondrial membrane and provide genetic evidence for the existence of a specific mechanism for intramitochondrial transport of PS.
D
uring mitochondrial biogenesis, massive imports of lipids and proteins into mitochondria occur, because mitochondria cannot produce most of these components. Although our understanding of the mechanisms of protein transport into mitochondria has progressed substantially (1, 2), limited information is available about the mechanism by which lipids are translocated into mitochondria. Phospholipid synthesis in mitochondria is restricted to the formation of phosphatidylglycerol, cardiolipin, and phosphatidylethanolamine (PE), and other lipids such as phosphatidylcholine (PC) and phosphatidylserine (PS) must be imported from sites of cellular lipid synthesis, the endoplasmic reticulum (ER) or closely related organelles such as mitochondria-associated membrane (MAM) (3, 4) . PS imported to the outer mitochondrial membrane is then translocated to the inner mitochondrial membrane, where it is converted to PE by PS decarboxylase (PSD) (5, 6) . It has been shown that the translocation of PS to mitochondria followed by its decarboxylation is a major pathway for the synthesis of PE in some cultured mammalian cells (7) (8) (9) (10) , suggesting that significant amounts of PE found in cell membranes are derived from mitochondria.
Because the enzymes involved in PS synthesis are located in ER or MAM, and PSD is exclusively located at the inner mitochondrial membrane, the conversion of PS to PE by PSD has been used as an indicator of PS translocation into the inner mitochondrial membrane (5, 6) . Recent studies have shown that the transport of newly synthesized PS to the outer mitochondrial membrane requires no cytosolic proteins and is probably mediated by direct contact region between MAM and mitochondria (11) (12) (13) . It is also suggested that the translocation of PS from the outer to inner mitochondrial membrane occurs through the contact sites where the two mitochondrial membranes are closely apposed and linked in a stable manner, because agents that disrupt the contact sites such as 1,4-dinitrophenol and doxorubicin inhibit the PS transport (14, 15) . Louisot and co-workers (16) reported that when radiolabeled PS was introduced into isolated mitochondria in the presence of hydroxylamine, an inhibitor of PSD, the imported PS accumulated in the contact site. In addition, PE newly synthesized through the decarboxylation of PS in the inner mitochondrial membrane is exported very rapidly to the outer membrane, without mixing with inner membrane PE (16, 17) . Although these observations imply the presence of a specific machinery for the intramitochondrial transport of PS, which is tightly coupled to their biosynthesis, little experimental evidence to support this assumption has been provided.
One powerful approach to understanding the molecular machinery involved in phospholipids transport is the isolation of mutants defective in a specific process in the transport. Trotter et al. (18) have recently isolated yeast mutants defective in the PS transport from ER to Golgi͞vacuole and have shown that phosphatidylinositol 4-kinase, the STT4 gene product, is involved in the regulation of PS transport.
In this study, we isolated a CHO-K1 cell mutant with a decreased cellular PE level by screening for variants resistant to the cytotoxicity of a tetracyclic peptide, Ro09-0198 (Ro), which forms a tight equimolar complex with PE on biological membranes and subsequently induces cytolysis (19) (20) (21) (22) (23) . The results presented herein indicate that the mutant is defective in intramitochondrial transport of PS and provide genetic evidence that a specific machinery is involved in intramitochondrial transport of PS, which is distinct from that used for PC transport.
Materials and Methods
Materials. Egg PC was prepared by chromatography on aluminum oxide neutral and Iatrobeads (Iatron, Tokyo). PE, PS, C6-NBDAbbreviations: PE, phosphatidylethanolamine; PS, phosphatidylserine; PC, phosphatidylcholine; Ro, Ro09 -0198; PSD, phosphatidylserine decarboxylase; C6-NBD, 1-palmitoyl-2-{N-[6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]caproyl}; MAM, mitochondria-associated membrane; NCS, newborn calf serum. ‡ To whom reprint requests should be addressed. E-mail: umeda@rinshoken.or.jp.
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PS-where C6-NBD is 1-palmitoyl-2-{N-[6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]caproyl}, and C6-NBD-PC were purchased from Avanti Polar Lipids. Mutagenized CHO-K1 cells were seeded into 100-mm diameter dishes at 5 ϫ 10 3 cells per dish and cultivated at 33°C for 20 days. The mutagenized cell colonies were replicated onto polyester disks as described (8) for screening of mutant cells exhibiting a low binding activity to Ro peptide. The polyester discs were incubated for 24 h in growth medium at 39.5°C, washed twice with F-12 medium, and then incubated with 125 I-labeled streptavidin-Ro peptide complex ( 125 I-SA-Ro; 50,000 cpm͞ml) (21) for 1h at 39.5°C. The radioactivities of 125 I-SA-Ro bound to the colonies was analyzed by Fuji bioimage analyzer, and a mutant (designated as R-4) exhibiting a low binding activity (Ϸ75% of that of the parental cell) to Ro peptide was isolated.
R-4 cells were mutagenized again, seeded in 100-mm diameter dishes at 2 ϫ 10 5 cells per dish, and cultured at 33°C in the growth medium. After 2 days, the cells were further incubated at 39.5°C for 24 h. Cell monolayers were washed twice with 5 ml of F-12 medium and then incubated in F-12 medium containing 5 M Ro peptide at 39.5°C for 1 h. The peptide-treated cells were washed three times with 5 ml of F-12 medium and cultured in the growth medium at 33°C for 20 days. Colonies of surviving cells were cloned and further purified by limiting dilution. Doseresponse curves of mutants against the peptide-induced cytotoxicity were determined by measuring the activity of lactate dehydrogenase released from dead cells.
Enzyme Assay for PSD. CHO cells were seeded at 5 ϫ 10 5 cells per 100-mm dish in growth medium at 39.5°C. After 3 days, cell extracts were prepared as described (8) and PSD activity was assayed, as described (11) with some modifications. The reaction mixture contained [ 14 C]PS (1,750 cpm͞nmol), 0.05% Triton X-100, 100 mM KH 2 PO 4 (pH 6.8), and 10 mM EDTA in 0.2 ml. The reaction was initiated by adding of 300 g of cell protein, allowed to proceed for 30 min at 39.5°C, and terminated by adding 3 ml of chloroform͞methanol, 1:2 (vol͞vol). Lipids were then extracted, separated, and analyzed as described (24) .
Transient Expression of PSD. PSD gene cDNA (25) inserted into the mammalian expression vector pSV-Sport1 (GIBCO͞BRL) was introduced into cells with LipofectAMINE reagent (GIBCO͞BRL).
Metabolic Labeling and Immunoprecipitation of PSD. After transfection with the PSD gene, cells were incubated at 37°C for 1 h in methionine-deficient DMEM supplemented with 5% (vol͞vol) dialyzed NCS before the addition of pulse medium containing [ 35 S]methionine (0.5 mCi͞ml; 1 Ci ϭ 37 GBq) and 5% dialyzed NCS in methionine-deficient DMEM. Cells were incubated in pulse medium for 5 min and, subsequently for the chase, incubated in Ham's F-12 medium supplemented with 10% NCS and 0.3 mM methionine. Immediately after the chase period, cells were lysed with 50 mM Tris⅐HCl (pH 8.0) containing 1% SDS. The lysate was boiled for 5 min, diluted 1:10 with Triton buffer (1% Triton X-100͞150 mM NaCl͞50 mM Tris⅐HCl, pH 8.0), and incubated with anti-PSD polyclonal antibody (25) for 1 h at 4°C. Protein A-Sepharose was added to the lysate. After incubation for 1 h, the Sepharose beads were collected by centrifugation and washed five times with Triton buffer. Proteins bound to the beads were fractionated by SDS͞PAGE in 12% gels and examined by use of a bioimage analyzer (Fuji BAS2000).
Purification of Mitochondria. Mitochondria were freshly prepared from both CHO-K1 and mutant cells as described (13) with some modifications. Briefly, cells were scraped from four 150-mm diameter dishes into 10 ml of PBS. Cellular materials were suspended in 5 ml of buffer A (250 mM mannitol͞5 mM Hepes, pH 7.4͞0.5 mM EGTA) and gently disrupted using 10 strokes of a motor-driven Potter-Elvejhem homogenizer. The homogenate was centrifuged twice at 600 ϫ g for 10 min to remove nuclei and cell debris. The supernatant was subsequently centrifuged at 10,000 ϫ g for 10 min to sediment the crude mitochondrial fraction. The resulting pellet was resuspended in 0.5 ml of buffer A, layered on top of 8 ml of Percoll buffer [225 mM mannitol͞25 mM Hepes, pH 7.4͞1 mM EGTA͞30% (vol͞vol) Percoll], and centrifuged for 30 min at 95,000 ϫ g. The band containing the mitochondrial fraction was collected, and then the membranes were pelleted and washed twice in buffer A. The mitochondrial fraction was further purified by the same Percoll centrifugation procedure. The purity of mitochondrial fractions was assessed by measuring the activities of marker enzymes for mitochondria and other fractions. The specific activities of PS synthase in the mitochondrial fraction, which is enriched in MAM and microsome fractions (13, 25) , were 8.1% and 9.6% of those in the respective MAM and microsome fractions in CHO-K1 cells, and 6.0% and 7.9% of those in the respective MAM and microsome fractions in R-41 mutant cells.
Determination of the Amount of C6-NBD-Lipids Associated with Mi-
tochondria. Isolated mitochondria were incubated with 10 M of C6-NBD-lipids in 0.5 ml of buffer A at 30°C for the indicated periods. The mitochondria were then pelleted by centrifugation at 12,000 ϫ g for 10 min at 4°C. The resulting pellet was washed with ice-cold buffer A twice. Then the f luorescent lipids associated with mitochondria were extracted as described by Bligh and Dyer (26) and separated by TLC using CHCl 3 ͞CH 3 OH͞CH 3 COOH, 65:25:10 (vol͞vol), as the developing solvent. The chromatograms were observed under UV illumination and the individual f luorescent lipids were quantified by f luorescence image analyzer (Fuji FLA-2000). As a parallel experiment, mitochondria incubated with C6-NBD-lipids were pelleted, then resuspended in 1 ml of ice-cold defatted 2% BSA-buffer A, and incubated for 30 min on ice to remove C6-NBD-lipids from the outer leaf let of the outer mitochondrial membrane (referred to as back exchange) (27, 28) . Mitochondria were then pelleted by centrifugation at 12,000 ϫ g for 10 min at 4°C. The resulting pellet was washed with 1 ml of ice-cold defatted 2% BSA in buffer A twice. Then the fluorescent lipids remaining in mitochondria were extracted and quantified as described above. Because C6-NBD-PS translocated into the inner mitochondrial membrane is decarboxylated to C6-NBD-PE by PSD, the amount of C6-NBD-PS associated with mitochondria was estimated as total amounts of C6-NBD-PS and C6-NBD-PE.
Other Procedures. PS synthase was assayed as described (9) . Turnover of newly synthesized PE was examined as described (29) . Decarboxylation of exogenously added [ 14 C]PS was determined as described (24) . Proteins were measured according to Lowry et al. (30) , using BSA as a standard.
Results

Isolation of a Mutant Defective in PE Biosynthesis.
To isolate mutants with defects in PE biosynthesis, we selected CHO mutant cells resistant to an antibiotic peptide, Ro, that binds specifically to PE on biological membranes and subsequently induces cytolysis (19) (20) (21) (22) (23) . One mutant, designated R-41, exhibited the most significant resistance to the peptide-induced cytolysis, and the LD 50 of the peptide for R-41 mutant cells was about 4-fold higher than that required for CHO-K1 cells (Fig. 1) . Cellular PE content of R-41 mutant cells was about half that of CHO-K1 cells, and the levels of other phospholipids including PS were not significantly changed, except for an elevation of the PC level (Table 1) .
In mammalian cells, PE is synthesized via three distinct pathways: (i) the PS decarboxylation pathway, in which PS synthesized in the ER or the MAM, the closely related membranes, is imported into the inner mitochondrial membrane, where it is converted to PE by PSD (31); (ii) the CDPethanolamine pathway, in which ethanolamine is phosphorylated and converted to CDP-ethanolamine, followed by transfer of the phosphoethanolamine moiety to 1,2-sn-diacylglycerol (32); and (iii) the base exchange pathway, in which free ethanolamine is exchanged with the base moiety of preexisting phospholipids (33) . To investigate PE biosynthesis in R-41 mutant cells, we metabolically labeled the mutant and CHO-K1 cells with either [ (Fig. 2C) . In cells labeled with [ (Fig. 2 A) . The incorporation of [ 14 C]serine into both PS and sphingomyelin (data not shown) in the mutant cells was similar to that in CHO-K1 cells (Fig. 2B) . Furthermore, the rate of turnover of newly synthesized PE from the PS decarboxylation pathway in the mutant cells, determined by the loss of [ 14 C]serine-labeled PE after removing the radioactive serine, was not affected (Fig. 2D) . These results indicate that R-41 mutant was defective in the PS decarboxylation pathway for PE formation.
R-41 Mutant Cells
Have Normal PS Synthase and PSD Activities. PE synthesis via the PS decarboxylation pathway requires the combined actions of PS synthase and PSD (7) (8) (9) (10) 31) . PS synthase activity in a homogenate of R-41 mutant cells was similar to that of CHO-K1 cells (CHO-K1, 38.2 pmol per min per mg of protein; (29) . At the indicated times, the cells were harvested, and phospholipids were extracted and analyzed by one-dimensional TLC. E, CHO-K1; F, R-41. Cells were seeded at 5 ϫ 10 5 cells per 100-diameter dish and then incubated for 3 days at 39.5°C. Phospholipids were extracted from cells by the procedure of Bligh and Dyer (26) and separated by two-dimensional thin-layer chromatography. Solvent systems used for chromatography were as follows: first dimension, chloroform͞methanol͞acetic acid, 65:25:10 (vol͞vol); second dimension, chloroform͞methanol͞formic acid, 65:25:10 (vol͞vol). Phospholipid phosphorus was chemically determined as described (7) . Three experiments gave similar results, and one set of results is presented. PI, phosphatidylinositol; SM, sphingomyelin. Others include phosphatidylglycerol, phosphatidic acid, and cardiolipin. R-41, 42.1 pmol per min per mg of protein). This result and the finding above that PS content and biosynthetic rate in R-41 mutant cells were similar to those in CHO-K1 cells clearly showed that the mutant has a normal activity to synthesize PS. PSD activity in the mutant homogenate was also similar to that in CHO-K1 homogenate at various concentrations of the substrate PS (Fig. 3A) , suggesting that the defect of R-41 mutant in the PS decarboxylation pathway was not due to a mutation of PSD. For further confirmation, we examined the effect of expression of the PSD cDNA from CHO-K1 cells on PE formation via the PS decarboxylation pathway. Transient transfection with the PSD cDNA caused striking increases in the PSD activities in the homogenates of CHO-K1 and R-41 mutant cells: from 0.52 to 11.9 nmol per min per mg and 0.48 to 9.81 nmol per min per mg, respectively. In cells labeled with [ 14 C]serine, the rate of [ 14 C]PE formation in the PSD cDNA-transfected CHO-K1 cells was elevated to about 2-fold that of the mocktransfected cells, whereas the rate in the PSD cDNA-transfected R-41 cells remained at low level, similar to that in the mocktransfected R-41 cells (Fig. 3B) . These results indicate that the primary lesion in R-41 mutant is not at the level of PS biosynthesis or enzymatic activity of PSD.
Localization of PSD in R-41 Mutant Cells. One possible explanation for the defect in PS decarboxylation of R-41 mutant cells is the mislocalization of PSD in the mutant because of mutation(s) affecting the protein sorting system: PSD of mammalian cells is exclusively located in the inner mitochondrial membrane (34) . To examine whether PSD in R-41 mutant is imported into mitochondria, we purified mitochondria from R-41 mutant and CHO-K1 cells. The specific activities of PSD in the mitochondria from the mutant (2.22 nmol per min per mg of protein) and CHO-K1 cells (2.43 nmol per min per mg of protein) were similar to each other, suggesting that PSD is imported into mitochondria in the mutant cells. Next, we examined the posttranslational processing of PSD gene product in R-41 mutant cells. The 46-kDa primary translation product of the PSD gene has the general motif of the mitochondrial targeting signal and the inner membrane sorting signal, which are sequentially cleaved by mitochondrial processing enzymes, in addition to an autocatalytic cleavage site for production of ␣ and ␤ subunits of PSD (25, 31) . The pulse-chase experiment revealed no significant difference between R-41 mutant and CHO-K1 cells in the processing rate of the PSD gene product (Fig. 4) , implying that the translocation of PSD into mitochondria is normal in the mutant. These results suggest that PSD in R-41 mutant cells is correctly located in mitochondria.
R-41 Mutant Cells Are Defective in Intramitochondrial Transport of PS.
Another explanation for the defect in PS decarboxylation of R-41 mutant cells is that PS synthesized in ER or MAM in the mutant cells is not effectively transported to the inner mitochondrial membrane, where PSD is located. When cells were incubated with [ 14 C]serine-labeled PS for 8 h at 39.5°C, the formation of [ , and 1 mM EDTA, and the cell lysate were assayed for PSD activity as described (25) . The error for duplicate determinations was less than 5%. E, CHO-K1; F, R-41. (B) Effect of expression of a CHO PSD cDNA on PE formation via the PS decarboxylation pathway. CHO-K1 (E, ‚) and R-41 mutant (F, OE) cells transfected either with control vector (mock; E, F) or with vector containing cDNA of PSD gene (PSD; ‚, OE) were cultured for 2 days at 39.5°C. The cells were metabolically labeled with L-[U-14 C]serine (0.5 Ci͞ml). At the indicated times, cellular phospholipids were extracted from one dish of each strain and analyzed by TLC. incubated with a PS analog, C6-NBD-PS, which is readily inserted into accessible membranes and does not undergo spontaneous transmembrane movement (11) , and its translocationdependent decarboxylation was determined. When mitochondria from CHO-K1 cells were incubated with C6-NBD-PS, the PS analog was efficiently converted to C6-NBD-PE in a timedependent manner (Fig. 5A) , suggesting that C6-NBD-PS was transported to the inner mitochondrial membrane and then decarboxylated by the inner membrane enzyme PSD. In R-41 mutant mitochondria, the rate of C6-NBD-PE formation was Ϸ40% of that in CHO-K1 mitochondria. Furthermore, when mitochondrial membrane structure was disrupted by sonication, the disrupted mitochondria of CHO-K1 and R-41 mutant cells exhibited similar activities of the conversion of C6-NBD-PS to C6-NBD-PE (Fig. 5B) . These results suggest that R-41 mutant is defective in PS transport between the outer and inner mitochondrial membrane.
C6-NBD-lipids, such as C6-NBD-PS and C6-NBD-PC, present in the outer leaflet, not in the inner leaflet, of plasma membrane has been shown to be selectively extracted by incubation with excess BSA (referred to as back exchange) (27, 28) . Therefore, to assess the rate of translocation of the PS or PC analog from the outer leaflet of the outer mitochondrial membrane to other mitochondrial compartments including the inner leaflet of the outer membrane and the inner membrane mitochondria isolated from CHO-K1 and R-41 mutant, cells were incubated with C6-NBD-PS or C6-NBD-PC at 30°C and then subjected to back exchange to remove the fluorescence-labeled lipid from the outer leaflet of the outer mitochondrial membrane. As shown in Fig. 6 7 A, there is no significant difference between CHO-K1 and the mutant mitochondria in the total association of the PS analog. However, after back exchange, the amount of the residual PS analog in the mutant mitochondria was about half of that in CHO-K1 mitochondria (Fig. 6B) . In contrast, there is no significant difference between CHO-K1 and the mutant mitochondria in both the total association and the residual PC analog (Fig. 6 C and D) . These results indicate that R-41 mutant is defective in intramitochondrial transport of PS and provide genetic evidence for the presence of a specific machinery for intramitochondrial transport of PS, which is distinct from that used for PC transport.
Discussion
Although intracellular transport of membrane phospholipids is indispensable for cell growth and organelle assembly, the transport processes are largely unknown with respect to the specific mechanisms, genes, and proteins involved. For studying intracellular transport of phospholipids, cultured mammalian cell mutants with specific defects in the phospholipids transport must be useful. In this study, we have developed a method for isolation of mutants with a specific decrease in cellular PE level by use of an antibiotic peptide, Ro, that binds PE on plasma membrane and subsequently induces cytolysis (19) (20) (21) (22) (23) (Table 1 ). The method is potentially useful for isolation of mutant strains defective in PS transport from ER͞MAM to mitochondria and PE export from mitochondria or ER to other organelles, as well as transport of PS synthase and PSD. The following results indicate that CHO mutant strain R-41 is defective in intramitochondrial PS transport: (i) the mutant was defective in PE formation through the PS decarboxylation pathway (Fig. 2) , in which PS synthesized in ER͞MAM is imported into the inner mitochondrial membrane and then converted to PE by PS decarboxylase; (ii) the level of PS biosynthetic activity of the intact mutant cells and PSD activity in a homogenate of the mutant cells were normal, similar to those of CHO-K1 cells (Fig.   Fig. 5 . Translocation-dependent decarboxylation of C6-NBD-PS in isolated mitochondria from CHO-K1 and R-41 mutant cells. Intact (A) or disrupted (B) mitochondria from either CHO-K1 or R-41 mutant cells were incubated with 10 M C6-NBD-PS in 1 ml of buffer A (250 mM mannitol͞5 mM Hepes, pH 7.4͞0.5 mM EGTA) at 39.5°C for various periods. The reaction was terminated by adding 3.75 ml of chloroform͞methanol, 1:2 (vol͞vol), and then the lipids were extracted and separated by TLC. C6-NBD-PE spots were scraped from TLC plates, and then the lipids were extracted as described by Bligh and Dyer (26) . The relative fluorescence of the lipid extracts was measured with a fluorescence spectrophotometer F-2000 (Hitachi, Tokyo). Mitochondria were disrupted by exposure five times to ultrasound on ice for 30 sec at setting 1 in a Branson ultrasonic disrupter. E, CHO-K1; F, R-41. R.F.U., relative fluorescent unit(s). 3); (iii) the intact mitochondria isolated from R-41 mutant cells were defective in the translocation-dependent decarboxylation of a fluorescence-labeled PS analog, C6-NBD-PS, whereas mechanically disrupted mitochondria of the mutant had a normal activity of the decarboxylation of the PS analog (Fig. 5) ; and (iv) the amount of the residual PS analog after back exchange in the mutant mitochondria was about half that in CHO-K1 mitochondria (Fig. 6) .
PE in mammalian cells can be produced by three distinct pathways: the PS decarboxylation pathway, the CDPethanolamine pathway, and the phospholipid base-exchange pathway (31) (32) (33) . The cellular content of PE in R-41 mutant cells was specifically reduced to about half that in CHO-K1 cells (Table 1) . PE formation via the PS decarboxylation pathway in R-41 mutant cells was reduced to about 40% that of CHO-K1 cells when determined by the metabolic labeling with [ 14 C]serine, whereas the mutant cells were normal in their incorporation of [ 14 C]ethanolamine into PE (Fig. 2) . These results are consistent with the previous finding that the decarboxylation of PS is a major pathway for cellular PE formation in CHO-K1 cells (7) (8) (9) (10) . The rate of translocation-dependent decarboxylation of C6-NBD-PS in R-41 mutant mitochondria decreased to about 40% of that in CHO-K1 mitochondria (Fig.  5) , proportional to the decrease in PE formation via the PS decarboxylation in intact cells. In addition, overexpression of PSD gene in R-41 mutant cells caused no significant increase in the synthetic rate of PE via the PS decarboxylation pathway, whereas PSD activity in a homogenate increased about 20-fold (Fig. 3B) . It is therefore likely that the translocation of PS from the outer to inner mitochondrial membranes is a crucial step in determining the overall rate of PS decarboxylation pathway for PE formation.
Translocation-dependent PS decarboxylation in mitochondria is inhibited by 1,4-dinitrophenol (14) , which diminishes the number of the contact sites between the outer and inner mitochondrial membranes. It has been also reported that radiolabeled PS, introduced into isolated mitochondria by coincubating with microsomal donor vesicles, is accumulated in a contact site-enriched subfraction of mitochondria when PSD activity is inhibited by hydroxylamine (16) . These previous observations suggest that PS import into the inner mitochondrial membrane is mediated by the contact sites between the outer and inner mitochondrial membranes, which are also well known to be the zones of protein import into mitochondria (35, 36) . Although R-41 mutant is defective in PS transport to the inner mitochondrial membrane, protein import is normal in the mutant, as examined by monitoring the posttranslational processing of PSD gene product (Fig. 4) . This result suggest that the defect of R-41 mutant is not due to a mutation inducing general inactivation of mitochondria or a large structural alteration in mitochondrial membrane such as loss of the contact sites. In addition, there was no significant difference between CHO-K1 and the mutant in the amount of C6-NBD-PC associated with mitochondria after back exchange (Fig. 6 ), suggesting that intramitochondrial transport of PC is normal in the mutant. This result is consistent with the recent report that PS and PC import into mitochondria occur by distinct mechanisms (37) . It is therefore likely that R-41 mutant has a mutation in its PS transport machinery or its regulatory factor that is distinct from that involved in PC or protein transport. Isolation of the gene that complements the defect in PS transport of R-41 mutant may provide additional information about this mechanism.
